A microfluidic fuel cell is a microfabricated device that produces electrical power through electrochemical reactions involving a fuel and an oxidant. Microfluidic fuel cell systems exploit co-laminar flow on the microscale to separate the fuel and oxidant species, in contrast to conventional fuel cells employing an ion exchange membrane for this function. Since 2002 when the first microfluidic fuel cell was invented, many different fuels, oxidants, and architectures have been investigated conceptually and experimentally. In this mini-review article, recent advancements in the field of microfluidic fuel cell systems are documented, with particular emphasis on design, operation, and performance. The present microfluidic fuel cell systems are categorized by the fluidic phases of the fuel and oxidant streams, featuring gaseous/gaseous, liquid/gaseous, and liquid/liquid systems. The typical cell configurations and recent contributions in each category are analyzed. Key research challenges and opportunities are highlighted and recommendations for further work are provided.
Introduction
A fuel cell [1] is an energy conversion device that converts chemical energy stored in a fuel and oxidant into electrical energy through an electrochemical process involving oxidation-reduction reactions. Contrary to the battery, the fuel cell is continuously fed with reactants, i.e., a fuel and an oxidant. The oxidation and reduction reactions take place at the anode and cathode, respectively, and together form an electrochemical cell reaction. The anode and cathode have to be ionically connected to each other with a material that conducts ionic charge carriers such as protons or hydroxide ions while blocking undesired transport of reactants and electric current. Proton Exchange Membranes (PEM) or Alkaline Anion Exchange * E-mail: ekjeang@sfu.ca Membranes (AAEM) developed to fulfill that function composes the centre of the fuel cell flanked by one electrode (anode and cathode) on each side, as illustrated in Figure 1. The membrane is coated with a catalyst layer on each side that enhances the electrochemical reactions and is sandwiched between two Gas Diffusion Layers (GDL) that provide mechanical support to the membrane, electrical conduction to the current collectors, and reactant and product transport to and from the active sites in the catalyst layers. Most fuel cells developed to date run on hydrogen, methanol, or formic acid as fuel and oxygen from the surrounding air as oxidant [2] .
Compared to batteries, fuel cells offer the benefits of instant recharge and higher power and energy density depending on the selection of fuel. Fuel cells have wide application ranges from microelectronics applications to several kW backup power units and can even be used in the automotive industry for cars and buses with elec- tric powertrains. Most fuel cells produce clean electric power without generation of greenhouse gases or any other harmful emissions. For instance, the hydrogen PEM fuel cell, one of the most common fuel cells available on the market, produces no emissions other than pure water. The main challenges presently facing the fuel cell industry are related to cost and durability. The durability (or lifetime) of the fuel cell is often limited by membrane degradation due to chemical and physical damage occurring during cyclic operation [3] . The membrane also needs to be hydrated to provide adequate ionic conductivity, which requires complex water management systems or limits the operational range. Excessive hydration on the other hand generates a flooding effect that prevents reactants to reach the active sites. In addition, the catalyst layer suffers migration and agglomeration issues at a molecular level, which significantly decreases the surface area and hence its performance over time [4] . Perhaps more importantly, the cost of both membrane and catalyst layers is relatively high. Of particular concern is the cost of platinum, a precious metal with very limited supply required to promote the electrochemical reactions involving hydrogen and oxygen.
Microfluidic fuel cell systems provide an opportunity to overcome the challenges associated with the use of PEM or AAEM membranes in conventional fuel cells. Microfluidic fuel cell technology [5] eliminates the need of a membrane by utilizing laminar flow on the microscale in three main configurations: (i) a single stream of flowing electrolyte; (ii) two parallel streams of fuel and electrolyte or fuel and oxidant flowing in a stratified, co-laminar format; and (iii) three parallel streams of fuel, electrolyte, and oxidant in a similar co-laminar format. The former configuration, which replaces the membrane with an electrolyte stream in a thin microchannel, is well-suited for cells using gaseous reactants such as hydrogen and oxygen/air distributed in separate flow channels. The latter two configurations operate based on co-laminar flow of two or more liquid phase streams running at low Reynolds numbers, where all turbulent or convective sources of detrimental cross-stream mixing are eliminated. Each stream contains electrolyte that facilities ionic charge conduction between the electrodes while the fuel and oxidant species are carried in separate streams. The rate of cross-stream diffusion between the fuel and oxidant streams is relatively slow and can be actively controlled by adjusting the flow rate of each stream or by introducing a third electrolyte stream. Microfluidic fuel cells can be designed and built using inexpensive microfabrication and micromachining methods, e.g., photolithography, soft lithography, and laser etching, compatible with high volume manufacturing [6] . The estimated material cost is less than 2 USD per cell.
Biofuel cells [7] , utilizing biological entities to catalyze the electrochemical reactions instead of precious metal catalysts such as platinum, provide an opportunity to address the high catalyst cost of conventional fuel cells. Biofuel cells employ catalytic microbes or enzymes, both of which can be produced at relatively low cost, to harvest electrons during the decomposition of the fuel (e.g., glucose). Operation of biofuel cells in microfluidic fuel cell architectures is particularly promising in order to combine the advantages of low-cost biocatalysts and elimination of the membrane in an inexpensive unit. However, biofuel cells have a short lifetime associated with the life expectancy of such living cells, and low power output [8] . A recent review of microfluidic biofuel cell technology is available in the literature [9] .
Research and development in the area of microfluidic fuel cells has accelerated dramatically over the past few years. The detailed study of Kjeang et al. [5] , highlighting relevant microfluidic fuel cell contributions reported prior to 2008, is a comprehensive resource in this field. The present mini-review article focuses on more recent advances in the context of microfluidic fuel cell systems design, operation, and performance reported from 2008 till date. The present review provides a novel classification scheme for microfluidic fuel cells based on the fluidic phases of the fuel and oxidant streams. The following three microfluidic fuel cell categories are defined: (i) gaseous fuel and oxidant [10, 11] ; (ii) liquid fuel and gaseous oxidant [12] [13] [14] [15] ; and (iii) liquid fuel and oxidant [16, 17] . The specific cell architectures and recent advances in each of the three categories are summarized in Sections 2, 3, and 4.
Microfluidic fuel cells with gaseous fuel and oxidant
The microfluidic fuel cell category with gaseous fuel and oxidant is dominated by alkaline electrolyte fuel cells running on hydrogen and oxygen. Alkaline fuel cells are based on anion exchange during the electrochemical cell reaction, instead of proton exchange for conventional acidic media fuel cells. The anode and cathode reactions are:
Compared to its acidic media counterpart, the alkaline based hydrogen fuel cell is known to be more cost-effective as many transition metals are more stable in an alkaline environment, allowing the use of non-precious based metals as catalysts. Moreover, the oxygen reaction (which is the limiting reaction in the acidic media fuel cell) has superior kinetics in alkaline media [11, 18, 19] . Alkaline hydrogen/oxygen fuel cells were successfully developed for the Apollo space program in the 1960s [20] utilizing separate on-board storage tanks of compressed hydrogen and oxygen, and found their main use in air-free or air-limited environments. The main challenges in alkaline based fuel cells that use air as oxidant and/or hydrocarbon fuels are carbonate formation from CO 2 that depletes the hydroxide ions from the electrolyte via the following reaction:
Carbonate species precipitate in the electrode and membrane structure, blocking electrode active sites and membrane pores and retarding reactant transport, while also reducing the electrolyte conductivity by the consumption of hydroxide ions. Despite the advancements of alkaline anion exchange membranes development, water management and carbonate precipitation remain the main hurdles that slow down the pace towards commercialization.
More recently, through the many scientific breakthroughs in the area of microsystems and microtechnologies, innovative microfluidic fuel cell systems have emerged as an alternative solution which demonstrated the ability to remove carbonate precipitates from the active site surface via electrolyte flow on the microscale [10, 11] .
In the alkaline microfluidic fuel cell architecture shown in Figure 2 , gaseous hydrogen and air are used as fuel and oxidant, similarly to conventional acidic media hydrogen fuel cells. The microfluidic feature of this fuel cell system is the electrolyte microchannel, where a liquid electrolyte microfluidic stream is employed in place of a membrane. The electrolyte is flowing in a laminar regime at low Reynolds numbers due to the microscale channel dimension, in between two liquid-impermeable hydrophobic gas diffusion electrode (GDE) layers consisting of commercial catalyst mixed with polytetrafluorethylene (PTFE) on carbon paper, exposed to hydrogen and air on the opposite sides. The cathode compartment can use either forced air flow or an open air-breathing format. A proof-of-concept device was recently demonstrated that produced up to 300 mA cm −2 current density and 47 mW cm −2 power density at room temperature [11] . A parametric study was performed to investigate the effect of electrolyte concentration and flow rate along with catalysts and PTFE content on performance, lifetime, and carbonate formation sensitivity. It was shown that increased electrolyte concentration has a positive impact on performance up to a KOH concentration range between 3M and 5M, as a result of improved ionic conductivity and reduced ohmic losses in the cell. At higher concentrations, the performance decreased. This tendency may be attributed to a higher viscosity of the electrolyte [21] , which resulted in anode flooding. The excess K + ions may also produce a shielding effect on the anode side and the high hydroxide concentration can monopolize all the reaction sites, thus making it more difficult for hydrogen adsorption to occur [22] . Because of carbonate formation, the concentration of hydroxide ions in the electrolyte decreases over time, which forces the system to use 5M KOH electrolyte for long term operation and 3M if the electrolyte can be replaced more often. At such concentrations, the microfluidic fuel cell is insensitive to electrolyte flow rate changes, which means that mass transport limitations are absent even at high current densities. For GDE design improvements, PTFE content is important as a binder and to obtain hydrophobicity properties, avoiding flooding. Too high content may block pores and active sites and increase the ohmic resistance of the cell. An optimum PTFE content of 40% is reported in the literature, which is confirmed by recent experiments [10] . Platinum based catalysts can accommodate 2-3 times higher performance than silver based catalysts, but also have much higher sensitivity to carbonate poisoning. At 1M carbonate concentration in the electrolyte, platinum based catalyst performance dropped by 50% where silver based catalyst performance only dropped by 10% after prolonged exposure. A gradually increasing performance trend is found over the first few reported cell architectures. The latest prototypes achieved peak power density levels up to 108 mW cm −2 using pure oxygen and platinum catalyst and 68 mW cm −2 using silver catalyst. As can be expected, the performance obtained with air-breathing systems is lower with peak values of 47 mW cm −2 . In conjunction with the recently escalating interest in AAEM research and development, it is still too early to conclude whether using a membrane or an electrolyte flow would be more effective in terms of cost and performance for this specific fuel cell system. However, the microfluidic aspect of this fuel cell system shows promising results and highlights the advantages over a membrane-based design.
Microfluidic fuel cells with liquid fuel and gaseous oxidant
Microfluidic fuel cells with liquid fuel and gaseous oxidant are dominated by methanol and formic acid fuels in combination with air as oxidant. As illustrated by the schematic in Figure 3 , the liquid phase fuel stream is paired with a second liquid stream of blank electrolyte required to separate the fuel stream from the cathode active sites which would otherwise lead to severe crossover effects. Methanol and formic acid are available as highly concentrated liquids and are therefore favourable for applications requiring high energy densities, e.g., portable electronic equipment. Both acidic and alkaline electrolyte compositions have been reported for liquid/gaseous microfluidic fuel cell systems. The reaction schemes are as follows:
Methanol in acidic media:
Methanol in alkaline media: Formic acid in acidic media:
Formic acid in alkaline media:
The first generation microfluidic direct methanol and formic acid fuel cells featured a liquid/liquid configuration with dissolved oxygen in an aqueous media as the oxidant. Because of their low performance, principally due to the low solubility and diffusivity of oxygen in aqueous media, other solutions were investigated, e.g., using a concentrated liquid oxidant like hydrogen peroxide [23] , hypochlorite [24] , or nitric acid [25] , or designing an airbreathing microfluidic fuel cell system [26, 27] . The latter solution may be preferable as it utilizes a practically infinite oxygen resource in the ambient air; however, the oxidant stream is replaced by a blank electrolyte stream that constitutes storage and pumping requirements similar to a liquid/liquid cell. North Carolina based company INI Power Systems is presently developing air-breathing liquid/gaseous microfluidic direct methanol and formic acid fuel cells for commercial and military applications in collaboration with researchers at the University of Illinois. Overall, for air-breathing microfluidic direct methanol and formic acid fuel cells, crossover remains one of the main challenges, as the fuel concentrations are relatively high and recirculation of unused fuel may be required from a system efficiency standpoint. To address this issue, research on selective catalysts [12, 13, 15] and nanoporous separators [14] show promising advancements.
By adding a nanoporous separator between the electrolyte and fuel streams made of 6 µm polycarbonate with 6·10 8 holes per cm 2 with a diameter of 0.05 µm, the crossover diffusion rates were significantly reduced. The physical separator also reduces the rate of proton diffusion between the electrodes, which is a parasitic effect contributing to the overall ohmic cell resistance. However, the proton diffusion rate in aqueous media is an order of magnitude higher than methanol; hence, the main impact of the separator is to reduce the methanol flux to the cathode [14] . An additional thin layer of Nafion was coated on the cathode GDE to further reduce the rate of methanol diffusion. The cell performance increased from 28 mW cm −2 for a conventional methanol microfluidic fuel cell to more than 40 mW cm −2 with the nanoporous separator and up to 70 mW cm −2 when a thin Nafion layer was added on the cathode GDE (using 1M methanol as fuel). Further crossover reductions can be achieved through reduction of methanol concentration, which would decrease performance but increase fuel utilization [14] .
Research on catalyst selectivity is another avenue to resolve crossover issues. Ruthenium selenium chalcogenides, for instance, are relatively insensitive to methanol [12] in relation to platinum which is largely affected by mixed potential losses due to methanol crossover.
For microfluidic methanol fuel cells tested with Ru-Se anodes, the performance was independent of crossover even at high fuel concentrations. Similar experiments were also performed on microfluidic formic acid fuel cell systems with consistent trends [13, 15] .
Methanol and formic acid based fuel cell systems generate carbon dioxide as a product of the electrochemical oxidation. CO 2 bubbles are generally not observed due to high solubility in water at room temperature and low reaction rates, but gas bubbles will likely become an issue for microfluidic fuel cells operating at higher current densities. Gas bubbles have a crucial impact on the cell performance as it may disturb the stability of the co-laminar flow and the ionic exchange occurring through the electrolyte [28] .
The channel geometry also has an important effect on diffusion, hence crossover. It also affects pressure within the microfluidic fuel cell which has an impact on bubble formation, closely linked to the CO 2 solubility in liquids. Straight, converging, and diverging channels were tested [29] , and it was shown that a diverging channel design enhances diffusion and bubble formation. As the liquid stream decelerates, the mixing of both streams together is enhanced, accelerating the chemical reaction that produces CO 2 bubbles. The bubbles formed blocked the stream, disturbed the flow, and increased the mixing phenomenon upstream, hence generating even more bubbles and worsening the problem.
Microfluidic fuel cells with liquid fuel and oxidant
Microfluidic fuel cells with both fuel and oxidant present in the liquid phase generally utilize two co-laminar microfluidic streams, one carrying the fuel and the other carrying the oxidant, in a shared microfluidic channel without a membrane or any other physical separation between the streams. Historically, this is the most frequently published type of microfluidic fuel cell [5] due to the simplicity of the co-laminar flow. Cells utilizing a variety of fuels and oxidants have been reported, including formic acid, methanol, dissolved hydrogen, dissolved oxygen, and hydrogen peroxide, as detailed elsewhere [5] . The American company Laminare Technologies is commercially developing liquid based microfluidic fuel cells using dissolved hydrogen in alkaline supporting electrolyte as fuel and dissolved oxygen as oxidant in acidic supporting electrolyte. Laminare's patented microfluidic fuel cell technology, originating at Cornell University [30] , employs a strategically patterned substrate to induce secondary motion and enhance mass transport rates in the microchannel [31] . Albeit the benefits attributed to this technology are proven, the performance of microfluidic fuel cells using dissolved gases (e.g., oxygen) in the liquid phase is considerably constrained by the low solubility and consequently low concentration of the dissolved species [5] . Three main approaches that enhance the performance of liquid/liquid microfluidic fuel cells with dissolved gases have recently been demonstrated: (i) using alkaline and acidic electrolytes in the anodic and cathodic streams, respectively, to boost the electrochemical cell potential (more negative anode and more positive cathode potentials, thus increasing the cell potential), as adopted by Laminare's fuel cell system as previously described; (ii) investigating better catalysts that have a lower sensitivity to crossover, as previously discussed [12] [13] [14] [15] ; and (iii) finding alternative oxidants and membrane architectures to limit the crossover. Neah Power Systems, a US company developing liquid/liquid microfluidic fuel cells, recently presented a unique cell design utilizing a flow-through porous silicon anode and a flow-by porous silicon cathode [32] . This patented fuel cell architecture [25] is compatible with methanol and formic acid as fuel on the anode side, and uses moderately concentrated nitric acid as oxidant on the cathode side:
Sulfuric acid was added to improve the proton conductivity of the solutions. The electrodes were micro-machined in silicon and coated with catalyst. The cathode was coated with an ink barrier in a subsequent step to prevent mixing of the two streams. The performance obtained for this fuel cell reached relatively high levels up to 200 mW cm −2 at 60°C depending on the concentration of the species and the operating temperature. However, the cell suffered from crossover issues and performance degradation as unused fuel and oxidant were recirculated during operation. Vanadium redox electrolyte, developed commercially for vanadium redox battery technology [33] , provides an allliquid reactant pair available at high concentrations that is well-suited for microfluidic fuel cell systems. The vanadium redox species are dissolved in dilute sulfuric acid which acts as supporting electrolyte. The electrochemical reactions are based on the following vanadium redox scheme:
V O
Microfluidic vanadium fuel cells do not require any catalyst, as the kinetics of the aforementioned electrochemical reactions is rapid on plain carbon. Preliminary microfluidic vanadium fuel cell devices employed a flow-over configuration with co-laminar flow in a high-aspect ratio microchannel over carbon electrodes located on the bottom wall, consisting of sputtered graphite on gold [34] , graphite rods [35] , and porous carbon paper [36] . More recently, a microfluidic vanadium fuel cell with flow-through porous carbon electrodes was demonstrated [37] . The flow-through architecture, shown in Figure 4 , embodies cross-flow of reactant through the small pores of the electrodes into the central channel, where it makes a quarter turn and flows in a co-laminar format towards the outlet. The major advantage of this architecture is the enhanced convective/diffusive mass transport rates achieved in close proximity to the active sites inside the porous electrodes, which enables single-pass operation at low flow rates with close to 100% fuel utilization. For operation at high flow rates, the flow-through cell achieved class-leading roomtemperature power densities in excess of 100 mW cm −2 , though at reduced levels of fuel utilization and high ohmic voltage losses. Moreover, as both fuel and oxidant are vanadium redox species, waste recycling capabilities were demonstrated by running the cell in reverse to recharge the electrolyte using an external power source. A counter flow microfluidic fuel cell design was developed to address the crossover issues that may occur in a standard microfluidic fuel cell with co-laminar flow [16] . As illustrated in Figure 5 , a third liquid electrolyte stream is introduced in the counter flow architecture to avoid direct contact between the fuel and oxidant streams and effectively prevent crossover. The third stream is kept relatively thin to minimize the distance between the fuel and oxidant, which retains ohmic losses to acceptable levels. The main trade-off associated with this cell design is the increased system complexity by adding a third liquid stream and the dilutive effect it has on the vanadium solutions, hence preventing the fuel cell to perform in situ recharging of the fuel and oxidant species without gradual loss in overall concentration. Although the fuel utilization of the single-cell counter flow architecture was limited to 12%, a two-cell array cell configuration was recently reported that addresses this issue by passing the unused fuel and oxidant from the first cell to a second cell connected fluidically in series, as shown in Figure 6 , thereby effectively doubling the fuel utilization [17] . The performance of the second cell was lower than the first cell as the fuel and oxidant were less concentrated; however, the overall fuel efficiency of the system was increased. Because of the performance difference, the cells were connected in parallel, running at constant voltage with different current produced from each cell. The current and power output of the device was thus nearly twice as high while the voltage was the same as for a single cell. A disadvantage of this configuration is that an additional pressure-driven blank electrolyte stream is required for each consecutive cell in the array.
Scale-up solutions to achieve higher power output of the microfluidic vanadium fuel cell system were also investigated by Kjeang et al. [35] . The prototype device architecture, shown schematically in Figure 7 , employs graphite rods commonly used for mechanical pencils as electrodes. The rods are mounted in a hexagonal array comprising 12 anodes and 12 cathodes that share the same fuel and oxidant channel. In this configuration, the electrodes are connected both fluidically and electrically in parallel. Connecting the cells electrically in series to achieve higher voltages is also feasible but was not demonstrated experimentally. The coulombic efficiency of the array cell was considerably higher than for the equivalent graphite rodbased single cell, and more importantly the power output was enhanced by an order of magnitude with a peak power of 28 mW.
Conclusions
Microfluidic fuel cell systems enable tremendous opportunities for innovative design and construction of small-scale power sources. Elimination of the proton exchange membrane is a major advantage over conventional types of fuel cells, which results in reduced cost and system complexity. The research in this domain is intensified as microfluidic fuel cells are nearing commercialization. Microfluidic fuel cell systems running on hydrogen, methanol, or formic acid are considered as a heritage of established fuel cell technologies in light of an adaptation of microfluidic principles to existing systems and designs. In contrast, microfluidic vanadium fuel cell systems are inspired from vanadium redox batteries and have proven to make a major difference by avoiding the use of catalyst and showing higher performance and recharging capabilities. Preliminary scale-up solutions have been demonstrated for both methanol/air and vanadium redox systems. Over the past decade, the development of microfluidic fuel cells with gaseous and liquid phase fuel and oxidant has resulted in significant achievements, including a portfolio of membraneless proof-of-concept devices with competitive power density and fuel utilization levels. However, several research challenges need to be addressed to successfully commercialize this technology. In particular, more research is required to develop (i) a device that can produce concurrently high levels of power density and fuel utilization, (ii) an in situ recharging capability with high round-trip efficiency, and (iii) an integrated, self-powered microfluidic fuel cell system equipped with fluid storage and delivery. Further development of microfluidic fuel cell technology is also contingent on access to reliable and accurate modeling tools for optimization of cell design and operational parameters along with scale-up solutions and material development for effective system integration.
